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The pig and human dihydropyrimidine dehydrogen- 
ase (DPD) cDNAs were cloned and sequenced. The pig 
enzyme, expressed in Escherichia coli, catalyzed the re- 
duction of uracil, thymine, and 5-fluorouracil with ki- 
netics approximating those published for the enzyme 
purified from mammalian liver. DPD could be expressed 
in significant quantities only when uracil was added to 
the bacterial growth medium. The pig and human en- 
zymes contained 1025 amino acids and calculated M r = 
111,416 and 111,398, respectively. Conserved domains 
corresponding to a possible NADPH binding site and 
FAD binding site were found in the NHj-terminal half of 
the proteins and two motifs of putative [4Fe-4S] binding 
sites were found near to the carboxyl terminus of the 
enzyme. The latter corresponds to the labile COOH-ter- 
minal fragment previously shown to contain the iron 
sulfur centers. A sequence encompassing a peptide cor- 
responding to the uracil binding site was found between 
the NADPH/FAD-containing NH^terminal portion of the 
protein and the iron-sulfur binding sites near to the 
COOH terminus. Thus, the DPD appears to be derived 
from at least three distinct domains. The DPYD gene was 
localized to the centromeric region of human chromo- 
some 1 between lp22 and q21. 



Dihydropyrimidine dehydrogenase (DPD, EC 1.3.1.2) 1 is the 
initial and rate-limiting enzyme in the three-step pathway of 
uracil and thymine catabolism and in the pathway leading to 
the formation of |3-alanine (Wasternack, 1980). DPD is also the 
principal enzyme involved in degradation of the chemothera- 
peutic drug 5-fluorouracil, which acts by inhibiting thymi- 
dylate synthase (Heggie et al., 1987; Chabner and Myers, 1989; 
Diasio et al., 1988; Diasio and Harris, 1989; Grem, 1990). The 
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activity of DPD is highly correlated with 5-fluorouracil phar- 
macokinetics (Goldberg et al., 1988; Harris et al., 1990; Fleming 
et al., 1992). The efficacy of this agent might be related to 
plasma levels of the drug which are inversely related to the 
level of DPD activity (Iigo et al., 1988). 

Patients exhibiting severe toxicity when administered 5-flu- 
orouracil were shown to have low DPD activity (Tuchman et al., 
1985; Diasio et al., 1988; Harris et al. f 1991; Fleming et al, 
1993; Houyau et al., 1993; Lyss et al., 1993). Studies in families 
suggest that this deficiency follows an autosomal recessive pat- 
tern of inheritance (Diasio et aL t 1988). DPD is associated with 
inherited disorders of pyrimidine metabolism, clinically termed 
thymine-uraciluria (Bakkeren et al. t 1984). The clinical symp- 
toms have been described as nonspecific cerebral disfunction 
and the defect has been associated with psychomotor retarda- 
tion, convulsions, and epileptic conditions (Berger et al., 1984; 
Wadman et al. t 1984; Wilcken et al., 1985; van Gennip et al., 
1989; Brockstedt et al., 1990; Duran et al., 1985). Eleven pa- 
tients have been found in the Netherlands alone, thus suggest- 
ing that total or partial deficiency in DPD may not be as rare a 
disorder as previously assumed (van Gennip et al., 1993). Geno- 
typing assays to determine subjects that are lacking sufficient 
DPD activity would be of use in prenatal and neonatal diagno- 
sis and for prescreening cancer patients prior to 5-fluorouracil 
therapy. 

DPD has been purified from liver tissue of rats (Shiotani and 
Weber, 1981; Fujimoto et al., 1991), pig (Podschun et al., 1989), 
cattle (Porter et al., 1991), and human (Lu et al, 1992). The 
pig enzyme contains flavins and iron-sulfur prosthetic groups 
and exist as a homodimer with a subunit M T of about 107,000 
(Podschun et al., 1989). Since the enzyme exhibits a nonclassi- 
cal two-site ping-pong mechanism, it appears to have distinct 
binding sites for NADPH/NADP and uracil/5,6-dihydrouracil 
(Podschun et al., 1990). A model for DPD activity incorporating 
an acid base catalytic mechanism has been proposed (Podschun 
et al., 1993). 

In an effort to determine the mechanism of the DPD defi- 
ciency in humans and to analyze the molecular details of en- 
zyme, the pig and human cDNAs were cloned and sequenced. 
The human DPYD gene was mapped and the pig enzyme was 
expressed and kinetically characterized using Escherichia coli. 

MATERIALS AND METHODS 

Cloning of the Pig and Human DPD cDNAs— Tbtal RNA was isolated 
from frozen pig liver by use of the method of Chirgwin et al. (1979) 
except that CsCl was replaced with Cs-trifluoroacetic acid (Pharmacia 
Biotech Inc.). The RNA was twice extracted with a phenol-chloroform 
emulsion and ethanol precipitated prior to use. Poly(A)-containing RNA 
was isolated by oligo(dT)-cellulose chromatography (Aviv and Leder, 
1977) and used as a template to prime synthesis of cDNA. The cDNA 
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was made double-stranded and cloned into Agt22A using a kit supplied 
by Life Technologies, Inc. The DNA was packaged using the A packaging 

Sy ; S ^non T ,e , v L endor and the P ha 6 e P ar «cles were plated on E 
com Y1090 r The library was screened using a polyclonal antibody 
against pig DPD (Podschun et al., 1989). The partial cDNAobtained was 

,3 d £ reS nMA n thC B • ^ ° n * Y1088 by ^ ae hybridization to 
isolate a cDNA containing the complete protein reading frame. The 

^PnRT a fT 8 r U ^°K ed , int0 th , 6 N0tl - Sal1 8ites of the P Iasmid vector 
porURT (Life Technologies, Inc.). A region containing the coding se- 

Zlr ° ™\ g ° DNA WM USed 40 Screen Vrmfoudy amplified human 
liver cDNA libranes prepared in Agtll (Yamano et at., 1989). The hu- 
man cDNA was isolated as three overlapping fragments and subcloned 
into theScoRI site of pUC18. The three fragments were joined together 
using overlapping Clal sites in pUC18 and the complete sequences of 

^lt n 4, A U nMA DPD CDNAS W6re dete ™ in ed using an Applied Biosys- 
terns 373A DNA sequencer using synthetic primers and fluorescent dye 
terminator chemistry. The oligonucleotides were made using an Applied 

Centncon 10 filter (Milhpore Corp.). Each base was determined at least 
once on both strands. DNA and deduced protein was analyzed using 
New HavInCT)" 06 8 ° ftWare (lntl Biotechn °'°gy Labs. Inc. 

Chromosome Localization of the DPYD Gene— The DPYD gene was 
localized to a specific human chromosome using the somatic cell hybrid 
strategy. Human-mouse and human-hamster cell lines were generated 
?Sao°if r r teriZ6d 83 described by McBride et al. (1982a, 1982b, 1982c 
iWWd) The human chromosome content of each cell line was deter- 
mined by standard isoenzyme analyses as well as by Southern analysis 
with probes from previously localized genes and, frequently, by cytoge- 
netic analysis. Southern blots of hybrid cell DNA restriction digests on 
positively charged nylon membranes were prepared after (0.7%) agar- 
ose gel electrophoresis and hybridized at high stringency with V 
labeled probes under conditions allowing no more than 10% divergence 
of hybridizing sequences. 

r Z rePO "i t iZ n ? f Pro6es - I '«erts representing the 3' and 5' coding 
I!f T hUma " DPD cDNA were each 'abeled to high specific 

S (>1 f cpm/pg of DNA) by random hexamer primed DNA syn- 
thesis (Feinberg and Vogelstein, 1983). 

Con^/on of the Expression Plasmid-The expression plasmid has 
been constructed in the vector pSE420 (Invitrogen Corp., San Diego 

nSPORT ^ P nlF™ ° DNA Pr6Vi0USly Subcloned into the 

f r tamS an / C ° I 8ite coinciden * with the start 
codon (CCATGG) which was joined to the ATcoI site in the vector that is 
in frame with the bacterial initiator Met. The pig DPD cDNA was 
ln n^,j nt ° pSE420 88 an NeoVAflm fragment from pSPORT. 
™£T < Bjtpres5 ! on f" E - «>/«-For each expression experiment, a single 
colony from a freshly made transformation of DH-5a cells with the 
l^TuiZ*?- W0S i noculated in L B broth and grown to stationary 
k J?° ahqUOt fr ° m this culture wa8 used to inflate 250 ml of 
woi. 7 i 00 Mg/ml am P icil,i n <">d supplemented with 

fSnh )(SoT« F fS fi^' 100 m uraci1 ' and 10 v» ea * «* 

*e(NH 4 ),(S0 4 ) and Na,S. Followtng a 90-min incubation at 29 °C the 
trp-lac promoter in the expression vector was induced by the addition of 
1 mM ■sopropyl-p-D-thiogalactopyranoside and the culture was incu- 
bated for an additional 48 h. 

„w Vlr" w J ere , then « edimente<1 - washed twice with 250 ml of phos- 
s^u^ Tl f'!? ( ^ } aad i" « ml of 35 m M potas- 

l l P l r?v ,t te bU , ffer (PH ? 3) 2 0% glycerol, 10 m« EDTA, 

leuDpnn'n e> n° 01 mM P hen y lmet hylsulfonyl fluoride, and 2 um 
leupeptin. The cell suspension was lysed at 4 °C with four 30-s bursts of 
a Meat Systems sonicator (model W 225-R at 25% of full power) The 
centrifuged at 100,000 xg for 60 min at 4 °C. Solid 
(NH,) 2 S0 4 was then slowly added to the supernatant at 4 °C with gentle 
stirring to give a final concentration of 30% saturation. The precipitate 
me K nte , d 7? 016 Pellet ««tauii»W expressed DPD was resus- 
SSSr T "Sj&f* mM P 01088 ™" 1 Phosphate buffer (pH = 7.3) con- 
fnd T, m " P TA> 1 ? M dithi »thr e itoI. 2.5 m« magnesium chloride, 
and 0.1 m M phenylmethylsulfonyl fluoride. The protein solution was 

-srun^ht r againat 3 x 4 Htera ° { ^ - - 

Catalytic Msay-DPD activity was determined at 37 °C by measur- 
of NADPH^Si ^ 8 rl rbanCe 8t 340 nm abated with the oxidation 
ohn-VT, k » AD , P V. The reaction mixture wntoined 28 m.M potassium 

Steffi J?^ (PH 7 3 !l MgC1 " 1 ™« 60 um 

nadph, and the expressed DPD in a final volume of 1 ml. The meas- 
urements were carried out using an Aminco DW-2000 double beam 
spectrophotometer using a blank which contained the complete reaction 
mixture except substrate. The reactions were initiated by addition of 
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HAPyiiUlMIllISIULNPIlIOSHAJlHSILAItlfLDKKIIUKRNPOKNCFHCtltLfNIIfOOIKHrrLOrR 
J ''I S NO 

CALREAHRCLKCAOAPCOKSCPrHLOUSFIISISNKNnf.AAKMIOliaEUiLICfiMVCPISOLCVCr.C 
N A 

NLYAIEEGSINIGGLOOFASEVFKAHNtPQlRNPCLPSOEKMPEAYSAKIALLGAGPASlSCASFUfiLG 
v f S S PP S F 

YSOITIFEKQEYVGGlSTSnPQFRLPYOVVNrnELHKOtGVUICGK SLSFWFfTtNrntFFf.Y/ AAr 

VMS K 

IGIGlPEPKTDDIFQGLTQDOGFYTSKCiLPJLmpKAGHCACKS 

5-RCCARRVFLVFRKGFVHIRAVPEtVElAKEEKCEFLPFtSPRKVIVKCCRIVAVOFVRTEODETGKWN 
H M 

EDEOO^HlKADVVlSAFGSVLRDPKVKEALSPIKfNRWOLPEVDPETHC p^ 

ESVNDG<OASWY|HKYIOAQy G ASVSAKPELPt.Frrp V DLVO[SVEMAGUFINPFGUSAAPrrSSSHI 
V 5 I TAT 

RRAFEAGWGFAL rKTFSLOKOI VTNVSPRI VRGTTSGPMYGPGOSSFLNI ELI SE<TAAYWC0SVrELKA 

OFPONIVIASIMCSYNKN0WHELSRKA£Ai£ URAClL 
J AK S D 
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700 



GtiClACGQOPELVRNICRWVRQ 

AVQIPFFAKLTPNVTOIVSIARAAKEGGApGVTATNTVSGLMGLKAOGTPWPAVGAGKRTTYGGVSGTAI 770 
N SO IA 

RPlALRAVTTlARALPGFPILATGGIDSAESGLQFLHSGASVLQVCSAVQNOOFTVIQDYCrGLKALLYL 840 

1 E 4 

KSI EELQGWOGQSPGIESHQKGKPVPRIAELHGKKLPNFGPYLEORKKI lAEEKMRLK£QNAA£p_£lXRJ£ 910 
V DS mi VSKS 

mPaPlPAimrGKALQYLGTFGELSNlEOVVAnOEE Hpty^ 980 

TyOlB^tiLcf|icgi!DCIRMVSRriPYEPKRGLPLAVNPVC» m« 
I V K v SS 

Fig. 1. Comparison of the human and pig DPD cDNA-deduced 

nPn n ,°K a , C i «- Se ? UenC f S ' ° nly those amino acid residues of human 
rvu j*«- a Gr m the pig sec l uenc es are shown below the pig DPD 
I he different motifs relevant for catalytic activity are enclosed in boxes 
and labeled as discussed in the text. Peptides sequenced in this study 
are underlined, and the site of cleavage to generate the 12-kDa [4Fe- 
4b I fragment is shown by a vertical arrow. 

substrate (uracil, S-fluorouracii, or thymine). The catalytic activity was 
calculated as micromoles of NADPH oxidized/min and per mg of ex- 
pressed DPD. Protein quantitations were determined using the 
bicinchronic (BCA) procedure from Pierce following the manufacturer's 
directions. 

Analysis of cDNA-expressed DPD Protein 

SDS-poIyacrylamide gel electrophoresis was carried out following the 
method of Laemmli (1970) using 8% acrylamide slab gels. The SDSl 
polyacrylamide gels were transferred to a nitrocellulose membrane by 
electroblotting for 90 min at 1.5 mA/cm 2 (Towbin et al. f 1979) The 
membranes were blocked at room temperature using PBS containing 
0.5% Wn 20 and 3% skim milk. After blocking, the membranes were 
incubated for 4 h at room temperature with rabbit anti-pig DPD poly- 
clonal antibody dilute 200-fold in PBS. The membranes were washed 
three times m PBS containing 0.5% TVeen 20 and rinsed twice with 
PBS pnor to addition of alkaline phosphatase-Iabeled goat anti-rabbit 
IgG Incubation was continued for 90 min, and the membranes were 
developed using the reagent 5-bromo-4-chloro-3-indolyl phosphate/nitro 
blue tetrazohum (Kirkegaard & Perry Labs, Gaithersburg, MD). 

RESULTS AND DISCUSSION 
Isolation and Sequencing of Pig and Human cDNAs — Two 
partial pig cDNAs were isolated by screening 1 x 10 6 plaques 
from an unamplified Agt22A library. After verification by se- 
quencing, a partial cDNA was used to rescreen 500 000 
plaques; four cDNAs were isolated containing about 4.5 kilo- 
base pairs. One of these were completely sequenced and found 
to encompass the full coding region of the protein (Fig. 1). The 
ammo-terminal region agreed with that determined from the 
pig enzyme (Podschun et al., 1989). The published sequence 
was preceded by Met, Ala, and Pro which probably corresponds 
to the initiation Met. A number of segments of amino acids 
previously sequenced were found in the cDNA-deduced protein 
(Fig. 1, underlined). These were determined by cyanogen bro- 
mide cleavage (residues 117-127) and trypsin cleavage (resi- 
dues 260-277; 308-315; 656-682; 904-913) followed by high 
performance liquid chromatography separation and sequenc- 
ing (data not shown). The first residue of the amino-terminal 
portion of the 12,000-dalton cleavage fragment from the pig 
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DPD is shown by a verticle arrow at residue 904. These data 
establish the pig DPD open reading frame of 1025 amino acids. 
The human cDNA-deduced sequence is identical to that of pig 
except where indicated in Fig. 1. The calculated molecular 
masses are 111,416 and 111,398 daltons for pig and human 
DPD, respectively. The poly(A) addition sequence of AAATAAA 
is found 17 base pairs upstream of a putative poly(A) tract 
cloned in the cDNA. This 3'-untranslated region was not iso- 
lated in the human cDNA clones. 

The cDNA-derived protein sequences revealed the presence 
of a number of putative binding sites for known DPD cofactors. 
Recent EPR measurements on DPD from Alcaligenes eutrophus 
confirmed the existence of FMN, iron, and acid-labile sulfide, 
the latter two of which are indicative of iron-sulfur clusters 
(Schmitt et a/., 1994). The COOH-terminal 12-kDa peptide 
fragment purified from the pig DPD shows absorbance in the 
500-600-nm region and contains eight iron and eight acid- 
labile sulfides (Podschun et a/., 1989). The binding site of iron- 
sulfur clusters contain Cys residues, a large number of which 
are found in the NH^terminal half of the protein. However, 
these do not exhibit the typical motif pattern seen in other well 
characterized iron-sulfur-containing proteins. In the COOH- 
terminal region of pig and human DPD are typical motifs CXX- 
CXXCXXXCX and CXXCXXCXXXC? for [4Fe-4S] clusters 
(Dupuis et a/., 1991) between residues 953 and 964 and resi- 
dues 986 and 997, respectively. These lie within the 12-kDa 
iron-sulfur cluster-containing peptide (Podschun et aL, 1989). 2 
No other [4Fe-^S] clusters were detected; however, other types 
of iron-sulfur clusters such as [2Fe-2S] might be possible. 

A typical NADPH binding motif VXVXGXGXXGXXXAXXA 
(Wierenga et a/., 1985) was found beginning with Val-335, ex- 
cept that the Gly at position 10 is an Ala in pig and human 
DPD. A motif for FAD binding as reported by Eggink et al. 
(1990), TXXXXVFAXGD, was found in the NH 2 -terminal region 
starting with Thr-471 and ending with Asp-481. 

The putative uracil binding site of DPD was elucidated by 
incubating 5-iodouracil, a suicide inactivator of the bovine en- 
zyme, and sequencing of the modified chymotryptic peptide 
(Porter et a/., 1991). The corresponding sequence obtained is 
located between Gly-661 and Arg-678 in the primary protein 
sequence. Thus, the functional domains of DPD can be ar- 
ranged from the NH 2 terminus in the order NADPH/NADP- 
FAD-uracil-[4Fe-4S]. 

Localization of the DPYD Gene— The DPYD gene was local- 
ized to human chromosome 1 by Southern analysis of a panel of 
human/rodent somatic cell hybrid DNAs digested with EcoRl 
using a 3' coding cDNA fragment as probe (Table I). The gene 
segregated discordantly (>14%) with all other human chromo- 
somes. The 3' probe identified a series of bands in human 
DNAs ranging in size from 0.8 to 15 kilobases. All hybridizing 
human bands appeared to cosegregate indicating that these 
bands were all present on the same chromosome. The gene was 
then sub-localized on chromosome 1 by analysis of hybrids con- 
taining spontaneous breaks and translocations involving this 
chromosome. One human/hamster hybrid with a break be- 
tween NRAS (lpl2) and PGM1 (lp22) retained the telomeric 
portion of the chromosome 1 short arm but the DPYD gene was 
absent from this hybrid. Another human/hamster hybrid and a 
human/mouse hybrid each retained all, or nearly all, of the 
short arm of chromosome 1 including NRAS and all other short 
arm markers but all long arm markers were absent including a 
cluster of genes at lq21 (trichohyalin, loricrin, and filaggrin); 
the human DPYD gene was present in both of these hybrids. 
Finally, one additional human/hamster hybrid retained a cen- 
tromeric fragment of chromosome 1 with the breakpoints on 
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Table I 

Segregation of dihydropyrimidine dehydrogenase gene with 
human chromosome 1 
The human dihydropyrimidine dehydrogenase gene was detected by 
Southern blotting of a panel of EcoRl digested human/rodent somatic 
cell hybrid DNAs with a 1.8-kiloba8e (kb) human DPD 3' cDNA frag- 
ment. Ten hybridizing bands (0.8, 1.5, 2.2, 3.2, 3.4, 5.5, 6.0, 10.0, 11, and 
15 kb) were detected in human DNAs with this probe, and most of these 
bands were resolved from 1.4-, 1.9-, 4.2-, 5.5-, 10.5-, and 16-kb or 2.6-, 
4.4-, 7.5-, 8.9-, 10-, and 20-kb cross-hybridizing bands in hamster and 
mouse DNA digests, respectively. Detection of the human DPD gene is 
correlated with the presence or absence of each human chromosome in 
the group of somatic cell hybrids. Discordancy indicates the presence of 
the gene in the absence of the chromosome (+/-) or absence of the gene 
despite the presence of the chromosome (-/+), and the sum of these 
numbers divided by total hybrids examined (X100) represents the per- 
cent discordancy. The human/hamster hybrids consisted of 29 primary 
hybrids and 13 subclones (14 positive of 42 total) and the human/mouse 
hybrids represented 20 primary hybrids and 31 subclones (16 positive of 
51 total). The gene could be sublocalized to Ip22-q21 by examination of 
hybrids containing specific translocations (see text). 
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the long arm and short arm proximal to lq21 and proximal to 
lp31, respectively, and human DPYD was present in this hy- 
brid. These results indicate that the DPYD gene can be sublo- 
calized to the region Ip22-q21. These results were confirmed by 
Southern analysis of the same panel of hybrids with a DPD 5' 
cDNA probe which detected 1.5-, 5.0-, 8.7-, and 11.6-kilobase 
bands in human EcoRl digests. Both probes were used to ex- 
amine DNAs from ten unrelated individuals separately di- 
gested with 12 different restriction enzymes for restriction 
fragment length polymorphisms. However, no polymorphisms 
were detected. A large number of hybridizing bands were de- 
tected with both DPD probes and these bands cosegregated 
indicating that they are all localized to the centromeric region 
of human chromosome 1 (i.e. Ip22-q21). A number of cross- 
hybridizing hamster and mouse bands were also identified with 
these probes. These results are consistent with the interpreta- 
tion that there may be a single reasonably large gene (spanning 
at least 80 kilobases) in each of these species, and all hybrid- 
izing bands arise from a single gene. However, we currently 
cannot exclude the possibility that the many hybridizing bands 
arise from a cluster of tandemly linked genes. 

More precise localization of the gene will require in situ 
hybridization and/or genetic linkage analysis. It will be neces- 
sary to identify polymorphism(s) within, or flanking, the gene 
to facilitate linkage analysis and allow examination of families 
with genetic diseases for possible involvement of this gene. No 
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Fig. 2. SDS-polyacrylamide gel analysis of cDNA-expressed 
pig DPD. Total solubilized protein (10 ug) from cells containing the 
expression vector alone incubated with uracil (lane 1) and cells having 
the cDNA-containing vector incubated without (lane 2) and with uracil 
(lane 3) were subjected to electrophoresis, and the protein bands were 
stained with Coomassie Blue R-250. Purified pig liver DPD (5 ug) was 
co-electrophoresed (lane 4 ), and the position of migration of the intact 
enzyme is indicated by an arrow. Lane 5 contains prestained molecular 
mass markers corresponding to phosphorylase b (105 kDa), bovine 
serum albumin (70 kDa), ovalbumin (43 kDa), and carbonic anhydrase 
(28 kDa). 



12 3 4 




Fig. 3. Western immunoblot analysis of cDNA-expressed pig 
DPD. Ammonium sulfate-enriched fractions (10 ug) of lysates from 
cells containing the DPD cDNA incubated in the presence (lane 2) and 
absence (lane 3 ) of uracil and cells containing vector alone incubated in 
the presence of uracil (lane 4 ) were electrophoresed and transferred to 
nitrocellulose membrane, and the enzyme was stained using polyclonal 
antibody and alkaline phosphatase-conjugated goat anti-rabbit anti- 
body. Lane 1 contains 5 ug of purified DPD. 

diseases have been localized to this chromosomal region which 
would likely involve this gene. 

cDNA Expression of Pig DPD — The pig DPD was expressed 
in bacteria using the vector pSE420 which has a trp-lac pro- 
moter that is inducible by isopropyl-j3-D-thiogalactopyranoside. 
Optimal expression was obtained when cells were grown be- 
tween 26 and 30 °C. Growth at higher temperatures resulted in 
aggregation of the protein in inclusion bodies. A number of 
cofactors known to be associated with the enzyme were added 
to the medium; the most critical was uracil which resulted in 
over 5-fold higher levels of expression than in unsupplemented 
cells (Fig. 2). The expressed enzyme comigrated with the intact 
107-kDa DPD purified from pig liver and reacted with rabbit 
polyclonal antibody directed against the pig enzyme (Fig. 3). 
DPD protein was undetectable in cells containing vector alone 
in the absence of cDNA (Figs. 2 and 3). The DPD purified from 
pig liver frequently has a second higher mobility band of about 
12 kDa that results from a pro tease-labile site that liber- 
ates the iron sulfur-containing COOH-terminal fragment 
(Podschun et al. t 1989). The bacterial expressed enzyme is pro- 
duced intact and could be significantly enriched from other E. 
coli proteins by a single ammonium sulfate fractionation. The 
other higher mobility proteins detected on the Western blots 
probably result from crosa-reactivity of the antibody to bacte- 
rial antigens, since these proteins were also detected in cells 
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Fig. 4. Kinetic analysis of expressed DPD. Rates of metabolism of 
uracil (•), thymine (■), and 5-fluorouracil (A) were determined by fol- 
lowing NADPH reduction as a function of substrate concentration. 

Table II 

Comparison of the kinetic parameters of bacterial-expressed DPD 

with purified mammalian enzymes 
Values are expressed as um and umol/min/mg of expressed DPD pro- 
tein for K m and V^, respectively. 



Substrate 


Parameter 


Expressed 


Human" 


Pig" 


Rat* 


Uracil 




3.17 


4.9 


1.98 


1.80 




^max 


0.084 


0.6 


0.33 


0.69 


5-Fluorouracil 


K m 


4.57 


3.3 


5.50 


NA* 




V 

max 


0.14 


0.9 


0.40 


NA 


Thymine 




2.08 


4.8 


2.66 


2.60 






0.053 


0.7 


0.25 


0.49 



° The values for human (Lu et al. y 1992), pig (Podschun et aL, 1989), 
and rat (Fujimoto et al. t 1991) were published. 
6 NA, data not available. 



containing vector alone. This finding is not suprising since the 
antibody was prepared using bacterial adjuvant. By use of the 
purified pig DPD as a standard, the level of expression in E. coli 
was estimated at 50 to 100 mg/liter of culture. 

The expressed enzyme was characterized for its ability to 
metabolize typical DPD substrates such as uracil, thymine, and 
5-fluorouracil (Fig. 4). The expressed enzyme exhibited inhibi- 
tion of activities at high concentrations for all substrates ex- 
amined, typical of ping pong reaction kinetics as previously 
shown for purified pig DPD (Podschun et aL, 1989). The K m 
values obtained (Table II) were of similar magnitude to the 
values published for the purified pig (Podschun et aL, 1989), 
human (Lu et aL, 1992) and rat enzymes (Fujimoto et aL, 1991). 
The V max values of expressed DPD were about 3-5-fold lower 
than the purified pig enzyme reflecting the fact that the ex- 
pressed DPD was only partially purified. However, these data 
establish that the expressed enzyme reflects the properties of 
the purified pig liver DPD. Thus, E. coli should prove useful for 
examining any enzymatic variants obtained through screening 
DPD-deficient individuals and for preparing large amounts of 
intact holoenzyme for physycochemical analysis. 
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